Xenobiotic estrogens, such as bisphenol A (BPA), disrupt a wide variety of genomic estrogen actions, but their nongenomic estrogen actions remain poorly understood. We investigated nongenomic estrogenic effects of low concentrations of BPA and three related alkylphenols on the inhibition of zebrafish oocye maturation (OM) mediated through a G protein-coupled estrogen receptor 1 (Gper)-dependent epidermal growth factor receptor (Egfr) pathway. BPA (10-100 nM) treatment for 3 h mimicked the effects of estradiol-17beta (E2) and EGF, decreasing spontaneous maturation of defolliculated zebrafish oocytes, an effect not blocked by coincubation with actinomycin D, but blocked by coincubation with a Gper antibody. BPA displayed relatively high binding affinity (15.8% that of E2) for recombinant zebrafish Gper. The inhibitory effects of BPA were attenuated by inhibition of upstream regulators of Egfr, intracellular tyrosine kinase (Src) with PP2, and matrix metalloproteinase with ilomastat.
INTRODUCTION
Extensive research over the past 25 yr has identified a wide variety of genomic estrogen actions in vertebrates that are altered by exposure to anthropogenic chemicals with estrogenic activity (xenoestrogens) through their interactions with nuclear estrogen receptors (ERs) [1] [2] [3] [4] [5] . In contrast, although xenoestrogens have also been shown to interfere with nongenomic (nonclassical) estrogen actions [6] [7] [8] , this mechanism of endocrine disruption has received relatively little attention, and remains poorly understood. Evidence has accumulated that a novel, seven-transmembrane protein, G protein-coupled estrogen receptor 1 (GPER, formerly known as GPR30), is the likely intermediary in a broad range of rapid, cell surfaceinitiated nongenomic or pregenomic estrogen actions in vertebrate cells and tissues [9] [10] [11] . Both wild-type and recombinant human and teleost GPER membrane proteins display high-affinity (dissociation constant ¼ 2.3-3.3 nM), low-capacity, displaceable, specific estradiol-17b (E2) binding characteristic of membrane estrogen receptors [12] [13] [14] . Estrogen-induced signal transduction through GPER both in immortalized breast cancer cells and in teleost oocytes involves activation of a stimulatory G protein (G s ) and associated second messenger pathways through cAMP and protein kinase A (PKA), and also through epidermal growth factor receptor (EGFR) transactivation [15] [16] [17] . Estrogen activation of these pathways in breast cancer cells causes c-fos expression, proliferation, and migration [18, 19] , whereas, in fish oocytes, it prevents the resumption of oocyte meiotic maturation (OM) [13, 17, 20] . The finding that the xenoestrogens, bisphenol A (BPA), 4-nonylphenol (NP), and Kepone (chlordecone), display high binding affinities for human recombinant GPER and act as receptor agonists, mimicking the stimulatory effects of E2 on cAMP production [21] , suggests GPER-dependent E2 actions may be susceptible to interference by these compounds.
Although the estrogenic actions of BPA have been known for over 70 yr [22] , BPA is still widely used in plastic and epoxy resin manufacture, and is a high-production chemical with a worldwide production of over five million tons/yr [23] . Unbound BPA leaches into the environment from a variety of products, including tin cans and plastic waste in landfills, and is also discharged in sewage, resulting in contamination of surface water, ground water, and sediments [24, 25] . Field surveys from around the world have detected BPA in both urban and rural waterways, suggesting that its potential adverse effects on aquatic organisms may be widespread and not restricted to sites close to the source of BPA pollution [25] [26] [27] [28] . BPA concentrations typically are in the range of 3-30 ng/L in the majority of freshwater rivers and streams [29] , but much higher concentrations (1-47 lg/L) have been measured at heavily contaminated industrial sites [30] . BPA is moderately bioconcentrated in the tissues of wild fish, with concentrations ranging from 0.2 to 12 lg/kg [31, 32] . Exposure to BPA is nearly ubiquitous in humans, and it has been detected in more than 90% of the persons surveyed in the United States [33] . Moreover, high concentrations of BPA, up to 42 lg/L, have been measured in the blood of workers in BPA-manufacturing plants [34] . However, despite intensive research on the adverse effects of BPA exposure over the last decade, considerable controversy remains over whether BPA, at environmentally realistic concentrations, exerts estrogenic effects and if it poses a human health risk [35] [36] [37] [38] . Estrogen exposure of rodents through diet, water bottles, cages, and bedding has likely contributed to the inconsistent results obtained in animal studies with low BPA exposures [39] . In addition, estrogenic actions of BPA often cannot be readily distinguished from other toxic mechanisms, such as its antiandrogenic actions in in vivo studies. Therefore, there is a need to evaluate the estrogenic effects of low BPA concentrations in additional well-characterized animal models of estrogen action, and particularly in those mediated through alternative nonclassical mechanisms.
Estrogen maintenance of meiotic arrest via a nonclassical mechanism has been extensively characterized in Atlantic croaker and zebrafish oocytes [13, 17, 20, 40, 41] . Estrogens, produced by ovarian follicle cells or applied exogenously, activate Gper on the zebrafish oocyte plasma membrane, resulting in rapid Gperdependent signaling and inhibition of the resumption of OM via a nongenomic mechanism. The results of in vitro OM studies using selective GPER and ER modulators, knockdown of Gper and Esr1 (ERa) expression in zebrafish oocytes by microinjection with morpholino antisense oligonucleotides to these estrogen receptors, or treatment with a specific Gper antibody clearly show an exclusive role for Gper in mediating this inhibitory estrogen action [13, 20] . BPA binds to human GPER with an inhibitory concentration causing a 50% reduction in E2 binding (IC 50 ) of 0.63 3 10 À6 M and relative binding affinity (RBA) of 2.83% that of estradiol-17b [21] , which is higher than its IC 50 reported for human ERa (1 3 10 À4 to 4 3 10 À5 M) and ERb (2.5 3 10 À5 to 1 3 10 À6 M), with RBAs of 0.001%-0.4% [42, 43] . On the basis of these results, it is hypothesized that BPA activates Gperdependent signaling in fish during the reproductive cycle to disrupt an important nongenomic estrogenic action regulating the onset of OM.
The aim of this study was to test this hypothesis by investigating possible nongenomic estrogenic effects of BPA mediated through Gper on the maintenance of oocyte meiotic arrest in zebrafish, a well-established vertebrate model of estrogen action through this receptor [17, 20, 40, 41] . The effects of environmentally relevant concentrations of BPA (5-100 nM, equivalent to 1.1-22.8 lg/L) on zebrafish Gper activation and interference with the onset of OM were investigated using an in vitro zebrafish OM bioassay. Interactions of BPA with zebrafish Gper were assessed in a competitive binding assay using zebrafish Gper-transfected HEK293 cells. A potential mechanism of BPA inhibition of OM through activation of an Egfr/Mapk (mitogen-activated protein kinase) 3/1 pathway was investigated using inhibitors of several components of this signaling pathway [17] . In addition, possible activation of Gper-dependent membrane adenylyl cyclase (mAcy) activity was examined by measuring the effects of BPA treatments on cAMP levels in zebrafish oocytes. Finally, the estrogenic actions of the structurally related compounds, the flame retardants tetrachlorobisphenol A (TCBPA) and tetrabromobisphenol A (TBBPA), as well as NP, a degradation product of NP ethoxylate nonionic surfactants (for structures, see Supplemental Fig. S1 ; supplemental figures are available online at www.biolreprod.org), on zebrafish OM were also investigated to determine if these environmental contaminants exert similar nongenomic estrogenic activities through Gper.
MATERIALS AND METHODS

Chemicals
Ilomastat was purchased from Enzo Life Sciences (Farmington, NY), and U0126 was purchased from Cell Signaling Technology (Danvers, MA). BPA was purchased from City Chemical (West Haven, CT), and TCBPA was purchased from TCI America (Portland, OR 
Animals
Mature zebrafish (Danio rerio) were purchased from Freshwater Fish (Lewisville, TX) or Seagrest Farms (Gibsonton, FL) and held in 10-gallon tanks with recirculating water (salinity: 0.50/00) at the University of Texas Marine Science Institute. Female zebrafish were maintained in the presence of males at 288C and subjected to a 14L:10D photoperiod to promote oocyte development. Fish were fed commercial brine shrimp flakes twice daily and live brine shrimp to promote robust oocyte production. Fish were acclimated to laboratory conditions for 1 wk before use in oocyte maturation assays. All the animal care and use protocols were approved by the University of Texas at Austin Animal Care and Use Committee.
Zebrafish Oocyte Maturation Bioassay
For each assay, 10-15 gravid females were killed humanely by immersion in a bath containing tricaine methanesulfonate (MS222) at a concentration of 200 mg/L [20] . Ovarian tissue containing intact follicles was removed and placed in 60% Leibovitz L-15 (L-15) media at 22-248C in a sterile plastic culture plate. The ovarian tissue was divided into small fragments using fine forceps and scalpel blades under a binocular microscope. The follicle-enclosed oocytes were separated from the ovarian tissue by pipetting the fragments approximately 50 times through a Pasteur pipette. The follicle-enclosed oocytes were then washed three times with L-15 media prior to assay or further treatments.
The follicle layer was removed from the oocytes by incubation with 50 lg/ ml collagenase for 45 min [20] . Removal of the follicle layers was confirmed by the absence of 4 0 ,6-diamidino-2-phenylindole-stained nuclei surrounding the oocytes, as described previously [17, 20] . The collagenase was then removed by washing the oocytes three times in L-15 media. Removal of the follicle cells allowed the direct effects of the treatments on oocytes to be investigated.
The in vitro OM bioassay was conducted as described previously with defolliculated oocytes [20] . The inhibitory influence of endogenous E2 on the resumption of meiosis is lost after removal of the follicle layers and the primary site of E2 production [40] , which is restored by treatment with E2 and estrogenic compounds [20] . Consequently, vehicle treatment of defolliculated oocytes assesses spontaneous OM in the in vitro bioassay (i.e., nonhormonal, not influenced by E2 secreted by the follicle layer), which can reach 50% of the oocytes after 6 h of incubation, whereas spontaneous maturation of vehicletreated, follicle-enclosed oocytes is negligible [20] . In the present study, the in vitro OM bioassay was used to determine if BPA and related alkylphenols mimic the inhibitory nongenomic effects of E2 (i.e., are estrogenic) on spontaneous OM and act through the same signaling pathways as those previously identified for E2 and specific GPER agonist, G-1 [17] . Defolliculated oocytes with diameters greater than 450 lm were selected and placed in each well (20-25 oocytes/well) of a 24-well plate with 1 ml of L-15 media. The test compounds for all experiments, with the exception of the OM bioassay with actinomycin D (see Fig. 2A ), were dissolved in ethanol and added to the wells (1 ll). The same volume of ethanol was added to the vehicle control wells. dimethyl sulfoxide was used as the solvent for the study with actinomycin D, and 1 ll was added to all wells. The plate was then placed in an incubator at 248C and meiotic maturation of the oocytes was observed under a dissecting microscope after different periods of incubation, between 3 and 6 h. The oocytes were counted as mature when the germinal vesicle began to disappear and the ooplasm was no longer dense and had become opaque (see Ref. 17 for images of zebrafish OM). Oocyte maturation was recorded for all treatment groups in each assay when .30% of the oocytes in the vehicle control group had undergone germinal vesicle breakdown (GVBD). In most cases, 30% of untreated, denuded oocytes underwent spontaneous GVBD within 3 h. All treatments were replicated three times in an experiment, and all experiments were repeated at least three times. The percent GVBD was calculated as the number of mature oocytes divided by the total number of large 450-lm-diameter oocytes, multiplied by 100. A positive control treatment with 5 nM of the maturation-inducing hormone (MIH) for zebrafish, 17,20b-dihydroxy-4-pregen-3-one (dihydroxyprogesterone [DHP]), was included in all FITZGERALD ET AL.
assays to ensure that oocytes were maturationally competent. A negative control treatment with either 100 nM estradiol-17b (E2) or 100 nM of the GPER agonist, G-1 (EMD chemicals, San Diego, CA), was also included in all assays to confirm the inhibitory effects of these estrogens on OM and for comparison with the BPA results. The inhibitory effects of BPA on OM were investigated over the concentration range of 5 nM-100 nM. The effects of blocking several components of the Egfr/Mapk3/1 pathway on the inhibitory effects of 100 nM BPA on OM were examined using specific inhibitors of this signaling pathway at concentrations previously shown to be effective in blocking E2 inhibition of OM [17] . The Src inhibitor, PP2, and the matrix metalloproteinase (MMP) inhibitor, ilomastat, were used at a concentration of 10 lM, whereas the EGFR (ErbB1) inhibitor, AG1478, and the MAPK3/1 inhibitor, U0126, were tested at a concentration of 50 lM. The inhibitory effects of 100 nM BPA on OM were also examined in the presence of 0.1 lg/ ml actinomycin D (transcription inhibitor) in order to determine whether BPA is acting through a genomic mechanism [17] . The role of Gper in mediating the inhibitory effects of BPA on OM was investigated by cotreatment with the selective GPER antagonist, G-15, at a concentration of 100 nM [17] and by coincubation with a polyclonal croaker Gper antibody (serum dilution, 1:300) or an equivalent amount of control rabbit IgG (stock dilution, 1:300) [20] .
Culture of Gper-Transfected HEK-293 Cells and Plasma Membrane Preparation
HEK293 cells stably expressing zebrafish gper cDNA [40] were selected and maintained with 750 lg/ml G418 in Dulbecco modified Eagle medium/Ham F-12 media without phenol red, supplemented with 5% FBS and cultured as described previously for human GPER [12] . After 7-8 days of culture, cells were harvested by washing three times with ice-cold PBS, followed by the addition of 5 ml ice-cold HAED buffer (25 mM Hepes, 10 mM NaCl, 1 mM dithioerythritol, 1 mM EDTA) and removal of the cells with a cell scraper. Whole cells were either frozen at À808C or used immediately. The cell suspension was centrifuged for 5 min at 1500 3 g. The cells were resuspended in 4 ml HAED with 0.1% protease inhibitor and then centrifuged again at 1500 3 g for 5 min. The cells were resuspended in 4 ml HAED and subsequently sonicated for 7 sec. The cell homogenate was then centrifuged for 7 min at 1000 3 g to remove the nuclei. The supernatant was centrifuged at 20 000 3 g for 25 min to obtain the plasma membrane fraction. The plasma membrane pellet was resuspended in HAED to produce a final protein concentration of 1-1.5 mg/ml.
Competitive Binding of BPA and Related Alkylphenols to Recombinant Zebrafish Gper
The competitive binding assays of BPA, TBBPA, TCBPA, and NP binding to zebrafish Gper on plasma membrane fractions of transfected HEK293 cells were conducted in triplicate, as previously described [12] with minor modifications. Plasma membrane fractions (0.5-0.7 mg/ml) in 150 ll HAED buffer were incubated with E2 or BPA (dissolved in 1 ll ethanol) over the concentration range of 10 À10 to 10 À5 M together with 4 nM of [ 
Assay of Mapk3/1 Activation
Mapk3/1 activation was assayed by assessing Mapk3/1 phosphorylation. Defolliculated zebrafish oocytes, prepared as described previously for the OM bioassay, were transferred to a 24-well plate containing 1 ml of L-15 media and incubated with 10-200 nM BPA and 100 nM E2 for 15 min at 248C. The reaction was stopped by placing the plate in an ice bath, the oocytes were pelleted by centrifugation (5-10 sec at 1000 3 g), and the L-15 medium was discarded. The oocytes were then washed with 1 ml ice-cold PBS, centrifuged briefly (5-10 sec at 1000 3 g), excess PBS was removed, and the oocytes were then stored at À808C until being analyzed. Oocyte lysates were prepared as described previously [17] . Ice-cold RIPA buffer (100 ll) containing 0.1% protease inhibitor was added to the oocytes, which were then homogenized for 1 min using a glass, handheld homogenizer on ice, vortexed for 30 min at 48C, followed by centrifugation at 15 000 3 g for 5 min to remove the insoluble cell debris. The protein concentration in the supernatant was quantified with a NanoDrop 2000 (Thermo Scientific, Waltham, MA). The samples were boiled with reducing buffer for 5 min and loaded (15 lg protein/lane) on a 10% SDSpolyacrylamide gel and resolved by gel electrophoresis. The protein samples were then transferred for 1 h at 08C to a nitrocellulose membrane (Bio-Rad, Hercules, CA). Membranes were blocked for 1 h at room temperature in blocking buffer (1.5 g dry milk, 30 ml PBS, 30 ll Tween-20). Membranes were then incubated with the primary rabbit antibody for phosphorylated MAPK3/1 (1:1000; Cell Signaling) and with the primary mouse antibody for total MAPK3/1 (1:1000; Cell Signaling) overnight at 48C. Membranes were washed and then incubated with secondary antibodies (1:5000), goat anti-rabbit and goat anti-mouse, for 1.5 h. Phosphorylated Mapk3/1 was detected at 800 nm and total Mapk3/1 at 680 nm using a Li-Cor Odyssey Imaging System (Li-Cor, Lincoln, NE). Protein expression was quantified by measuring densitometry using Image J software from the Public Research Centre Henri Tudor (Luxembourg-Kirchberg).
Cyclic AMP Measurement
Measurement of cAMP production by zebrafish oocytes was performed as described previously [20, 40] . Oocytes (30-40 well) were incubated in triplicate with 100 nM E2, 100 nM BPA, or 100 nM G-1 at 248C for 3 h. The oocytes were lysed, and cAMP concentration in the lysate was subsequently analyzed with a cAMP EIA kit (Cayman Chemical, Ann Arbor, MI) following the manufacturer's instructions.
Statistics
Oocyte maturation results are expressed as means 6 SEM of 6-15 observations, and all experiments were repeated at least three times with different batches of oocytes from different donors. Data were analyzed by oneway ANOVA followed by the Bonferroni post hoc test using GraphPad Prism 3.0 software (GraphPad Software, San Diego, CA).
RESULTS
Effects of BPA on OM
Approximately 50% of the vehicle-treated denuded oocytes had undergone spontaneous GVBD by the end of the 3-h incubation period (Fig. 1A) . Treatment with 5 nM of the zebrafish MIH, DHP, caused a further marked increase in GVBD to 85% within 3 h (Fig. 1) , indicating that the oocytes were maturationally competent. Treatment with 100 nM E2 for 3 h caused a significant decrease in spontaneous OM (;10% GVBD) compared to that in the vehicle-treated group, confirming the presence of an estrogen-sensitive OM-inhibitory mechanism in the denuded oocytes (Fig. 1A) . These inhibitory effects of E2 on OM were mimicked by 100 nM BPA. Treatment with 100 nM EGF caused a similar inhibition of spontaneous OM (Fig. 1A) , consistent with previous studies implicating the EGFR pathway in maintenance of meiotic arrest [17] . BPA over the range of concentrations of 10 nM-100 nM inhibited spontaneous OM, mimicking the effects of E2, whereas % GVBD after treatment with 5 nM BPA was not significantly different from vehicle controls (Fig. 1B) .
Effects of Cotreatment with Actinomycin D on Inhibition of OM by BPA
To determine whether BPA acts via a genomic mechanism to inhibit OM, denuded oocytes were cotreated with BPA and the transcription inhibitor, actinomycin D (0.1 lg/ml). Cotreatment with actinomycin D did not blunt the inhibitory action of 100 nM BPA on OM ( Fig. 2A) , indicating that it acts through a nongenomic mechanism to inhibit OM, similar to the action of E2 [17] .
Role of Gper in the Inhibition of OM by BPA
The possible role of Gper in mediating the nongenomic estrogen actions of BPA to inhibit spontaneous maturation of denuded oocytes was investigated using a specific Gper antibody. Coincubation of the specific Gper antibody with BPA completely blocked BPA inhibition of OM, whereas BPA INHIBITS OM THROUGH A Gper/Egfr PATHWAY incubation with the control rabbit IgG was ineffective (Fig.  2B) , which suggests that BPA acts through Gper to regulate OM, the same ER mechanism regulating OM as that shown previously for E2 [13, 20] .
Competitive Binding of BPA to Gper
Binding of BPA to recombinant zebrafish Gper was investigated in a competitive binding assay. BPA caused a concentration-dependent displacement of [ 3 H]-E2 bound to plasma membranes of Gper-transfected HEK293 cells. BPA bound to the zebrafish Gper with a lower affinity than E2 and with an RBA of 15.8% and an IC 50 of 53.4 nM (Fig. 2C) .
Role of Egfr Signaling in Inhibition of OM by BPA
The involvement of the Egfr signaling in the inhibitory effects of BPA on OM was investigated using specific FIG. 1. Effects of BPA and EGF on spontaneous maturation of denuded zebrafish oocytes. EGF (100 nM) and BPA (100 nM), and E2 (100 nM) effects on inhibition of OM in an in vitro bioassay (A). BPA effects on OM tested over the concentration range of 5-100 nM (B). BPA, bisphenol-A; DHP, 17,20b-dihydroxy-4-pregen-3-one (dihydroxyprogesterone); EGF, 50 nM EGF; Veh, vehicle ethanol control. Bars denote means 6 SEM; n ¼ 6-15. Different letters denote significant differences from each other (P , 0.05, one-way ANOVA and nonparametric Bonferroni test). The entire experiment was repeated three or more times and similar results were obtained each time.
FIG. 2. Mechanism of BPA inhibition of OM. Effects of coincubation with the transcription inhibitor, actinomycin D (A)
, and the specific Gper antibody (B) on the inhibitory effects of BPA on spontaneous maturation of denuded zebrafish oocytes in the in vitro GVBD bioassay. Anti-GPER, 1:300 GPER antibody; BPA þ AD, BPA plus 0.1 lg/ml actinomycin-D; IgG, 1:300 rabbit serum; Veh, vehicle control dimethyl sulfoxide (DMSO). Bars for both graphs denote means 6 SEM (n ¼ 7). Different letters denote significant differences from each other (P , 0.05, one-way ANOVA and nonparametric Bonferroni test). All the experiments were repeated three or more times and similar results were obtained each time. inhibitors of different components of the pathway. Incubation of denuded oocytes with 10 lM of the selective Src kinase inhibitor, PP2, alone did not significantly alter the % spontaneous GVBD compared to that of the vehicle controls (Fig. 3A) . Cotreatment with PP2 attenuated the inhibitory effects of BPA, causing a significant increase in OM compared to that induced by BPA alone (Fig. 3A) . Similar effects were observed with the MMP inhibitor, ilomastat (Fig. 3B) . Treatment with 10 lM ilomastat alone did not significantly alter the % spontaneous GVBD compared to that of the vehicle controls (Fig. 3B ), but cotreatment with ilomastat blocked the inhibitory effects of BPA on GVBD (Fig. 3B) . Western blot analysis showed that 100-nM BPA treatment increased Mapk3/ 1 phosphorylation, which was blunted by cotreatment with PP2 or ilomastat (Fig. 3C) . These results support a role for BPA in activation of Mapk3/1 in zebrafish oocytes and demonstrate the efficacy of the Src and MMP inhibitors in impairing the downstream Mapk3/1 pathway activated by BPA in this fish model. Coincubation of denuded oocytes with the selective EGFR inhibitor, AG1478 (50 lM), reversed the inhibitory effects of BPA and G-1 on OM (Fig. 3D) . The increase in Mapk3/1 phosphorylation by 100-nM BPA treatment was attenuated by cotreatment with AG1478, confirming the effectiveness of the EGFR inhibitor in inhibiting the Mapk3/ 1 pathway in zebrafish oocytes (Fig. 3E) .
Involvement of Mapk3/1 Signaling in Inhibition of OM by BPA
The role of Mapk3/1 signaling in the effects observed with BPA was further examined using the inhibitor, U0126. Treatment with U0126 alone did not significantly alter the % GVBD compared to controls, whereas cotreatment with U0126 blocked the inhibitory effects of BPA on OM, resulting in a significant increase in OM compared to that of the BPA treatment alone (Fig. 4A) . Western blot analysis showed that the BPA-induced increase in Mapk3/1 phosphorylation was blocked by 15-min pretreatment with U1026, confirming the effectiveness of this inhibitor in zebrafish oocytes (Fig. 4B) . BPA increased Mapk3/1 phosphorylation in denuded zebrafish oocytes in a concentration-dependent manner (Fig. 4C) .
Effects of BPA of Oocyte cAMP Levels
Possible activation of Acy through Gper by BPA was examined by measuring cAMP levels in zebrafish oocytes after 3-h BPA treatment. Denuded oocytes treated with either 100 nM E2, 100 nM BPA, or 100 nM G-1 had significant increases in cyclic AMP levels compared to vehicle controls (Fig. 4D) . This increase in cAMP levels after BPA treatment was similar to that observed after E2 treatment, which has previously been shown to inhibit OM in zebrafish by maintaining elevated cAMP levels [20] .
Effects of the Structurally Related Alkylphenols on OM
The effects of TBBPA, TCBPA, and NP on maturation of denuded oocytes were investigated over the same range of concentrations as those used for BPA (5-100 nM). TBBPA significantly decreased the % GVBD compared to the vehicle controls over the concentration range of 10-100 nM, whereas 5 nM was ineffective (Fig. 5A) . NP was effective in inhibiting OM at all concentrations tested, significantly decreasing the % GVBD over the concentration range from 5 to 100 nM (Fig.  5B) . Similarly, TCBPA inhibited spontaneous OM over the entire concentration range (5-100 nM; Fig. 5C ). However, lower concentrations (2.5 and 1 nM) of NP and TCBPA were ineffective in inhibiting GVBD (Fig. 5D) . Similar to the effects of E2, the inhibitory effects of BPA, TCBPA, TBBPA, and NP on the resumption of meiosis were not persistent, and disappeared after longer-term incubation (Supplemental Fig.  S2 ), suggesting that these alkylphenols do not exert nonspecific toxic effects on OM at these concentrations.
Role of Gper and Egfr in Inhibition of OM by TCBPA, TBBPA, and NP
The role of Gper in mediating the inhibitory effects of TCBPA, TBBPA, and NP on OM was investigated using the specific GPER antagonist, G-15. Incubation with G-15 alone did not significantly affect the % GVBD of denuded oocytes, whereas cotreatment of G-15 with the alkylphenol compounds reversed their inhibitory effects on OM, which were not significantly different from those of vehicle controls (Fig. 6A) 3 H]-E2 (62%), suggesting that these alkylphenols have relative binding affinities approximately one-tenth that of E2. The involvement of Egfr signaling in inhibition of OM by these alkylphenols was investigated using the EGFR inhibitor, AG1478. Treatment with AG1478 reversed the inhibitory effects of NP, TBBPA, and TCBPA on OM, significantly increasing the % GVBD (Fig. 6C) .
DISCUSSION
The present results clearly demonstrate that BPA exerts a direct, nongenomic, estrogenic action on zebrafish oocytes to prevent the resumption of meiosis through binding to the membrane estrogen receptor, Gper, and activating a Gperdependent Egfr/Mapk3/1 pathway. The inhibitory action of BPA on OM was not attenuated by cotreatment with actinomycin D, similar to previous results with E2 [17] , indicating that this BPA action is through a nongenomic mechanism. Several lines of evidence indicate the inhibitory estrogenic actions of BPA, and the other alkylphenols on zebrafish OM are mediated via Gper. Consistent with the earlier results with E2 [17, 20] , the inhibitory actions of BPA and the other alkylphenols were blocked by coincubation with a teleost Gper antibody or a specific GPER antagonist, G-15. Moreover, BPA and the structurally related alkylphenols, TCBPA, TBBPA, and NP, bound with high affinities to recombinant zebrafish Gper. BPA also mimicked estrogen activation of Gper-dependent signaling pathways in zebrafish oocytes, involving increases in Mapk3/1 phosphorylation and cAMP concentrations [17, 20] . Furthermore, treatment with inhibitors of the Egfr/Mapk3/1 pathway in zebrafish oocytes demonstrated that BPA acts by way of the estrogen-dependent Gper signaling pathway in this species to maintain meiotic arrest [17] . Finally, evidence was also obtained that the other alkylphenols act by the same pathway to inhibit or delay the resumption of meiosis.
Xenoestrogens, such as octylphenol, have previously been shown to block FSH-induced resumption of meiosis in mouse oocytes and maturation of bovine follicle-enclosed oocytes in vitro at concentrations of 0.01-1 lg/ml [44, 45] . An estrogenic action of NP to prevent the resumption of meiosis in vitro has BPA INHIBITS OM THROUGH A Gper/Egfr PATHWAY FIG. 3 . Role of Egfr and its upstream regulators in BPA inhibition of OM and Mapk3/1 phosphorylation. Effects of cotreatment with the Src kinase inhibitor PP2 (A) and MMP inhibitor ilomastat (B) on the inhibitory effects of BPA on spontaneous maturation of denuded zebrafish oocytes in the in vitro bioassay and BPA phosphorylation of Mapk3/1 (C). Representative Western blot of phosphorylated Mapk3/1 (p-Mapk3/1) and total Mapk3/1 (Mapk3/1) levels after 15-min pretreatment with the inhibitors or vehicle followed by 15-min treatment with BPA or EGF (C). Effects of the Erb1 inhibitor AG1478 (D) on the inhibitory effects of BPA on spontaneous maturation of denuded zebrafish oocytes in the in vitro bioassay and BPA phosphorylation of Mapk3/1 (E). Representative Western blot of p-Mapk3/1 and total Mapk3/1 after 15-min pretreatment with AG1478 or vehicle followed by 15-min treatment with BPA, E2, and EGF (E). Veh, vehicle ethanol control; DHP, 5 nM DHP; E2, 100 nM E2; BPA, 100 nM BPA; PP2, 10 lM PP2; ILO, 10 lM ilomastat; BPA þ ILO, 100 nM BPA plus 10 lM ilomastat ; BPAþPP2, 100 nM BPA plus 10 lM PP2; EGF, 50 nM EGF; G1, 100 nM G-1; AG1478 þ BPA, 50 lM AG1478 plus 100 nM BPA; G1 þ AG1478, 100 nM G-1 þ 50 lM AG1478. Error bars denote means 6 SEM (n ¼ 8) (A and B) ; (n ¼ 8) (D). Different letters denote significant differences from each other (P , 0.05, one-way ANOVA and nonparametric Bonferroni test). The GVBD experiments were repeated three or more times and similar results were obtained each time.
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also been demonstrated in tripletooth goby oocytes [46] , but the site and mechanism of xenoestrogen action were not identified in any of these studies. BPA also causes a delay in meiosis of denuded mouse oocytes [47, 48] , and inhibits progestin-induced GVBD of Atlantic croaker oocytes [49] .
However, the concentrations of BPA causing significant inhibition in these studies were 1000-fold higher than those shown to be effective (10À100 nM) in the present study. BPA disrupts multiple stages of oocyte meiosis in Rhesus monkeys and mice, including meiotic entry and meiotic prophase, as   FIG. 4 . Involvement of Mapk3/1 in BPA inhibition of OM and effects of BPA on cAMP production by denuded oocytes. Effects of MAPK3/1 pathway inhibitor U0126 on the inhibitory effects of BPA on spontaneous maturation of denuded zebrafish oocytes in the in vitro GVBD bioassay (A) and BPA phosphorylation of Mapk3/1 (B). Representative Western blot of p-Mapk3/1 and total Mapk3/1 after 15-min pretreatment with U1026 or vehicle followed by 15-min treatment with BPA, E2, and EGF (B). Veh, vehicle ethanol control; BPA, 100 nM BPA; BPA þ U0126, 100 nM BPA plus 50 lM U0126; DHP, 5 nM DHP; E2, 100 nM E2; U0126, 50 lM U0126. Effects of BPA on activation of Mapk3/1 (B and C). Representative Western blot of p-Mapk3/1 and total Mapk3/1 levels after 15-min treatment with 10, 100, and 200 nM BPA (C, top) and relative density of p-Mapk3/1 bands relative to total Mapk3/1 determined from densitometry of Western blots (C, bottom). EGF, 50 nM EGF; Veh, vehicle control ethanol. Effects of BPA on cAMP production by denuded oocytes (D). Cyclic AMP levels were measured after 3-h incubation of oocytes with 100 nM BPA, 100 nM E2, and 100 nM G-1 (G1). Error bars denote means 6 SEM (n ¼ 8) (A), (n ¼ 6) (C), (n ¼ 3) (D). Different letters denote significant differences from each other (P , 0.05, one-way ANOVA and nonparametric Bonferroni test). The experiments were repeated three or more times and similar results were obtained each time.
BPA INHIBITS OM THROUGH A Gper/Egfr PATHWAY well as the final stages of meiosis, metaphase I and II [50, 51] . High concentrations of BPA also inhibit the final maturation stages in human oocytes in vitro [52, 53] . In contrast, acute effects of BPA and other alkylphenols on an earlier stage of meiosis, the completion of the first meiotic division and GVBD, were observed on denuded zebrafish oocytes in the current study. Moreover, the inhibitory estrogenic effects of low concentrations of BPA and the other alkyphenols, like those of E2, on spontaneous maturation of denuded oocytes were not permanent, and disappeared after longer-term incubation (Supplemental Fig. S2 ). These results are consistent with activation of Gper/Gs signaling causing short-term activation of Egfr-and mAc-dependent pathways and transient increases in second messengers, such as cAMP [20] . Collectively, these results indicate that the effects of BPA and the related alkylphenols on maturation of zebrafish oocytes described in the present study and their mechanism of action are fundamentally different from those reported previously for BPA on vertebrate oocytes.
A major finding of this study is that BPA activates the same intracellular signaling pathways as those activated by E2 to maintain meiotic arrest of zebrafish oocytes [17, 20] . The results show that BPA inhibition of OM is blocked by the same inhibitors of the EGFR/MAPK3/1 pathway as those used previously to investigate E2 signaling in zebrafish oocytes. Inhibition of upstream regulators of Egfr transactivation, Src with PP2 and MMP with ilomastat, blocked BPA inhibition of OM. An inhibitor of Egfr transactivation, AG1478, as well as an inhibitor of MAPK3/1 activation, U01206, also attenuated BPA inhibition of OM. The finding that BPA also activates the other Gper-dependent estrogen signaling pathway in zebrafish oocytes, resulting in increased cAMP production, presumably due to increases in mAcy activity, was not unexpected, since GPER in human cancer cells as well as in croaker and zebrafish oocytes is coupled to a G s [12, 13, 20] , and BPA increases cAMP concentrations in HEK293 cells stably transfected with human GPER [21] . BPA has also been shown to activate the PKA pathway in human testicular seminoma cells, although the receptor mediating this signaling was not identified [54] . In addition BPA activates Gs bc subunit-dependent signaling in ER-negative human breast cancer SKBR3 cells, resulting in rapid MAPK3/1 phosphorylation [55] , similar to our results in zebrafish. In agreement with our findings in zebrafish oocytes, recent results with the EGFR inhibitor, AG1478, in breast and lung cancer cells suggest that BPA phosphorylation of MAPK3/1 is mediated through EGFR [56, 57] . Moreover, in agreement with signaling results in zebrafish, BPA stimulation of proliferation and migration of breast cancer cells and transcriptional regulation of c-fos through GPER are dependent on EGFR and MAPK activation, because these BPA actions are blocked by cotreatment AG1478 or MAPK3/1 inhibitors [55, 56] . Taken together, these results suggest that BPA acts as a GPER agonist to activate EGFR/MAPK3/1 and PKA pathways in a variety of reproductive cells from both fish and mammals, leading to disruption of their physiological functions.
Arguably, the most interesting finding of the present study was the very high binding affinity BPA has for zebrafish GPER and its high potency in the GVBD bioassay. The IC 50 of BPA for human GPER (0.63 lM) is 8-to 150-fold lower than that reported for human ERa (4.9-100 lM) and 1.5-to 40-fold lower than that for ERb (0.96-36 lM) [21, 42, 43, 58] . However, BPA's affinity for zebrafish Gper is even greater, with a 5-fold-lower IC 50 of 53.4 nM. Whereas BPA has a higher RBA of 2.83% for human GPER compared to ERa (0.001-0.2) and ERb (0.004-1.2) [21, 42, 43, 58] , its RBA for zebrafish Gper is even higher (15.8%). Limited data from single-point assays with the other alkyl phenols suggest that they have RBAs similar to that of BPA for zebrafish Gper. These high binding affinities are consistent with the high potencies of the alkyl phenols (5-10 nM) in preventing the resumption of meiosis, similar to that reported for E2 (5 nM) [20] . However, the effectiveness of lower concentrations (,5 nM) of E2 in inhibiting OM have not been investigated. The finding that the estrogenic activities of the flame retardants, TCBPA and TBBPA, are similar to that of BPA in the GVBD assay suggests that halogenation of BPA does not diminish Gper activity, unlike ER activity, which is dramatically reduced upon substitution of the phenolic moieties of BPA with bromines [59] [60] [61] . Collectively, these results suggest that nongenomic estrogen functions mediated by Gper in zebrafish and related teleost species may be particularly susceptible to interference with low concentrations of these alkylphenols.
The endocrine-disrupting effects of BPA and halogenated alkylphenols are likely very complex, since they also involve binding to other receptors, including the peroxisome proliferator-activated receptor c [61] , the human pregnane X receptor [62] , the estrogen-related receptor c [63] , the human androgen receptor [62] , and the thyroid receptor [64] , and alter actions of brain aromatase activity [65] . A diverse range of reproductive effects of BPA have been identified in aquatic and mammalian species [29, 66] . Moreover, BPA acts at multiple sites on the hypothalamus-pituitary-gonad axis to alter reproductive func-FIG. 6. Involvement of Gper and Egfr in inhibitory effects of NP, TCBPA, and TBBPA on OM. Effects of the specific GPER antagonist, G-15, on the inhibitory effects of alkylphenols on spontaneous maturation of denuded zebrafish oocytes in the in vitro bioassay (A). G-15, 100 nM G-15; NP, 100 nM NP; NP þ G-15, 100 nM NP plus 100 nM G-15; TBB, 100 nM TBBPA; TBB þ G-15, 100 nM TBBPA plus 100 nM G-15; TCB, 100 nM TCBPA; TCB þ G-15, 100 nM TCBPA plus 100 nM G-15; Veh, vehicle ethanol control; n ¼ 6. Different letters denote significant differences from each other (P , 0.05, one-way ANOVA and nonparametric Bonferroni test). The experiments were repeated three or more times and similar results were obtained each time. Binding of TBBPA, TCBPA, and NP to zebrafish Gper. Displacement of bound þAG1478, plus 50 lM AG1478; NP, 100 nM NP; TBB, 100 nM TBBPA; TCB, 100 nM TCBPA; Veh, ethanol vehicle control. Error bars denote means 6 SEM (n ¼ 8). Asterisks denote significant differences between treatments in the presence or absence of AG1478 (P , 0.05, one-way ANOVA and Student t-test).
BPA INHIBITS OM THROUGH A Gper/Egfr PATHWAY tion [66] . Therefore, it is difficult to discern the principal mechanism of BPA toxicity on an individual reproductive function. Here, we explore one potential mechanism of endocrine disruption by BPA in a well-characterized primary cell model of estrogen maintenance of oocyte meiotic arrest using denuded zebrafish oocytes. Zebrafish release a batch of eggs that have completed OM and are capable of being fertilized around dawn every day. Thus, the timing and synchronization of OM is critical for reproductive success, and delayed ovulation and decreased production of fertilized eggs has been reported after exposure of zebrafish and other teleosts to BPA and related alkylphenols [67] [68] [69] . Multiple mechanisms have been identified in vertebrates that maintain oocyte meiotic arrest in order to prevent precocious OM and the production of infertile eggs [20, 70, 71] . We show here that low concentrations of BPA block OM by a novel, nongenomic, estrogenic mechanism of endocrine disruption through binding to the Gper, transactivation of Egfr, and activation of Mapk3/1. Moreover, this action through Gper is shared by three chemicals that are structurally similar to BPA: TCBPA, TBBPA, and NP. Thus, the results from this study support the hypothesis that BPA can act through a nongenomic estrogen signaling pathway via Gper to disrupt a critical cellular function in zebrafish: oocyte maturation.
